Since the Fermi discovery of γ-rays from novae, one of the biggest questions in the field has been how novae generate such high-energy emission. Shocks must be a fundamental ingredient. Six months of radio observations of the 2012 nova V5589 Sgr with the VLA and 15 weeks of X-ray observations with Swift/XRT show that the radio emission consisted of: 1) a shock-powered, non-thermal flare; and 2) weak thermal emission from 10 −5 M of freely expanding, photoionized ejecta. Absorption features in the optical spectrum and the peak optical brightness suggest that V5589 Sgr lies 4 kpc away (3.2-4.6 kpc). The shock-powered flare dominated the radio light curve at low frequencies before day 100. The spectral evolution of the radio flare, its high radio brightness temperature, the presence of unusually hard (kT x > 33 keV) X-rays, and the ratio of radio to X-ray flux near radio maximum all support the conclusions that the flare was shock-powered and non-thermal. Unlike most other novae with strong shock-powered radio emission, V5589 Sgr is not embedded in the wind of a redgiant companion. Based on the similar inclinations and optical line profiles of V5589 Sgr and V959 Mon, we propose that shocks in V5589 Sgr formed from collisions between a slow flow with an equatorial density enhancement and a subsequent faster flow. We speculate that the relatively high speed and low mass of the ejecta led to the unusual radio emission from V5589 Sgr, and perhaps also to the non-detection of γ-rays.
INTRODUCTION
Since the discovery of γ-rays from novae by the Fermi Gamma-ray Space Telescope (Fermi) in 2010 (Cheung et al. 2010; Abdo et al. 2010) , the production of early, high-energy shocks in the ejecta of novae has become an increasingly important topic in the field of nova studies. These shocks can be caused by collisions with pre-existing circumstellar material (eg., V407 Cyg, V745 Sco, and RS Oph; Bode et al. 2006; Das et al. 2006; interactions between multiple flows from the same eruption (eg., V959 Mon, T Pyx, V382 Vel; Mukai & Ishida 2001; Nelson et al. 2014; . Radio monitoring of novae, especially when combined with observations at other frequencies, provides a powerful tool for understanding the evolution of nova eruptions and examining shocks within the ejecta. High radio brightness temperatures can reveal either non-thermal emission or shock-heated plasma, as in the case of V1723 Aql (Krauss et al. 2011; Weston et al. 2014 Weston et al. , 2016 . Spatially resolved images of radio synchrotron emission in several novae have been used to trace the location of relativistic particles that have been accelerated in shocks (eg., RS Oph, V959 Mon; O'Brien et al. 2006; Sokoloski et al. 2008; Rupen et al. 2008; . We show in this paper that the 2012 nova V5589 Sgr is one of the most extreme cases known of a nova that is not embedded in the wind of a red-giant companion having shock-powered radio emission. V5589 Sgr (Nova Sgr 2012, PNV J17452791-2305213) was discovered to be in outburst on 2012 April 21.0 (MJD 56038.0; all calendar dates are UT) by Korotkiy et al. (2012) . For the rest of the paper, we take the peak of the optical light curve to be MJD 56039.45 (which is roughly consistent with the peak in HI1-B light curve from the Solar Terrestrial Relations Observatory, Korotkiy et al. 2012; Thompson 2012; Eyres, in preparation) , and using data from the Stony Brook / Small & Moderate Aperture Research Telescope System (SMARTS) Atlas of (mostly) Southern Novae 1 (Walter et al. 2012 ) and the American Association of Variable Star Observers (AAVSO), the time for the optical light to decrease by two magnitudes was t 2 = 6.2 ± 0.8 days, and the time to decrease by three magnitude was t 3 = 12.8 ± 1.5 days. We take the start of the eruption, t 0 , to be 2012 April 21.0 (MJD 56038.0), near the beginning of the optical brightening.
V5589 Sgr was classified as a fast 'hybrid' nova, with Fe II emission on day 3 and He/N features by day 8 (Esipov et al. 2012; Walter et al. 2012; Williams 2012) . The rapidly evolving, complex profiles of the emission lines in the optical spectra from SMARTS 1 http://www.astro.sunysb.edu/fwalter/SMARTS/NovaAtlas/ reveal that the ejecta were most likely aspherical and that they consisted of multiple flows. The half width at zero intensity (HWZI) of the dominant component in the Hα and Hβ emission lines from the SMARTS spectra (Walter et al. 2012) during the first few days of the eruption was v HWZI = 4000 km s −1 (see Figure 1) . We refer to the outflow that generated this emission component as the fast flow. Mróz et al. (2015) determined an orbital period of P = 1.59230(5) days using data from the OGLE survey, and suggest that the system likely contains a subgiant secondary and a massive white dwarf. This is a relatively unusual part of nova-progenitor parameter space, with only a few such systems known (Darnley et al. 2012) . Mróz et al. (2015) additionally observed eclipses in the quiescent optical light curve, indicating that the inclination is close to 90
• (Mróz et al. 2015) . The early line profiles of V5589 Sgr have some similarities to the recurrent nova U Sco -another eclipsing system which has a period of ∼1.2 days, and may contain an early K subgiant secondary (see, e.g., Anupama et al. 2013) .
On MJD 56038.9, Sokolovsky et al. (2012) spent 1500 s on source with Swift / X-ray Telescope (XRT), finding no detectable X-rays and placing an upper limit on the 0.3-10 keV flux of <0.02 XRT counts per second 2 ; in UV, they found the source to have a magnitude of M2 = 13.90 ± 0.05. V5589 Sgr is not a known Fermi/LAT γ-ray source: it is not in the 3FGL catalogue (Acero Figure 1 . Hα line profiles from selected SMARTS optical spectra of V5589 Sgr, colourized to show days after t 0 = MJD 56038.0 (Walter et al. 2012) . The spectra are normalized to the 6300-6400 Å continuum, and are minimally smoothed with a Fourier filter to minimize high frequency noise. The rapidly evolving line profiles reveal that the ejecta likely had a complex flow structure. et al. 2015), nor was it detected as a transient in a blind search (Cheung 2013) .
In this paper, we describe how radio observations with the Karl G. Jansky Very Large Array (VLA), X-ray observations with S wi f t/XRT, and optical spectra from SMARTS and the Tillinghast Reflector Echelle Spectrograph (TRES) at the Fred L. Whipple Observatory suggest that the radio emission from V5589 Sgr consisted of two components: weak thermal emission from a rapidly expanding photoionized plasma, and a strong non-thermal, shock-driven flare. We describe the observations in § 2 and our results, along with a determination of the distance, in § 3. In § 4, we describe the evidence that the radio flare was due to non-thermal emission from particles accelerated in shocks, and discuss the relationship between V5589 Sgr and γ-ray bright novae such as V959 Mon. Finally, in § 5 we summerise our conclusions.
OBSERVATIONS
The VLA observed V5589 Sgr beginning three days after initial discovery through the 16 months following with the WIDAR correlator at frequencies between 1 and 37 GHz. The observations used 8-bit samplers with band widths of 2048 MHz in two tunable 1048 MHz sub-bands at all frequencies except L-band, which had a bandwidth of 1024 MHz split into two sub-bands. VLA observations of V5589 Sgr were alternated with a nearby phase reference calibrator (J1751-2524 or J1755-2232). Each observation additionally included the observation of a standard flux calibrator (3C 48 or 3C 286). VLA observations were reduced either using Astronomical Image Processing System (AIPS) and following the standard procedures, or with the Common Astronomical Processing System (CASA) v4.2.2 (McMullin et al. 2007) , using the VLA calibration pipeline v1.3.1. For imaging, we used the CLEAN algorithm (Högbom 1974) with Briggs robust weighting of 0.5. Based on the distance and size of the source, as well as the timing of our observations, we did not expect to resolve the ejecta from V5589 Sgr, and this proved to be the case. For all detections, we determined flux densities by fitting the source with a gaussian using the imfit task in CASA or the JMFIT task in AIPS. For non-detections, we either used our usual imaging routines to determine the RMS and flux density at the target location, or we used difmap (Shepherd 1997) to find the flux density at the target location and the off-source RMS. We estimated uncertainties in flux density by adding the error from the gaussian fits in quadrature with estimated systematic errors of 5 per cent below 19 GHz and 10 per cent above, with 1σ error bars from error propagation thereafter. For all non-detections we quote upper limits as 2×RMS. Table 1 lists the VLA observations. To determine the spectral index α (where S ν ∝ ν α and S ν is the flux density at frequency ν) of the emission at each epoch, we used IDL's linfit function to fit the data with a power-law model in log space.
Additionally, we obtained two observations at 225 GHz on the Submillimeter Array (SMA) under program 2012A-S016. Observations with the SMA were both obtained in compact configuration, with 60 minutes and 21 baselines on MJD 56069.0 (day 31.0) and 208 minutes and 15 baselines on MJD 56117.9 (day 79.9). These data were reduced using standard routines in IDL and Miriad.
We also monitored the V5589 Sgr outburst using the XRT instrument onboard the Swift satellite, which resulted in a series of 17 observations carried out over 15 weeks. An additional followup observation was obtained on 2014 April 21. All observations were carried out in the XRT's photon counting (PC) mode, and had durations ranging from 300 to 6300 s (see Table 2 ). We extracted spectra following the usual reduction prescription for XRT data -counts were extracted from a circular region with a radius of 5 centred on the source using Select v.2.4c. Background counts were extracted from a larger circular region (radius 155 ) away from the source. Ancillary response files were produced using the xrtmkarf tool, correcting for the profile of the psf. Finally, we used the latest response matrix file from the Swift calibration database (swxpc0to12s6 20110101v014. rmf). In observations where V5589 Sgr was not detected, we utilised the Bayesian method outlined in Kraft et al. (1991) to calculate upper limits on the count rate.
We obtained optical spectra of V5589 Sgr using the Tillinghast Reflector Echelle Spectrograph (TRES) on the 60-inch reflector at the Fred L. Whipple Observatory on MJD 56046.0 (day 8) and MJD 56057.0 (day 19). We reduced the data using the standard reduction procedure (Mink 2011) .
RESULTS

Optical emission and estimate of distance
To obtain a first estimate of the distance to V5589 Sgr, we used optical spectroscopy guided by the typical peak optical brightness of novae. From the TRES spectra, we derived a reddening value by measuring the equivalent width of diffuse interstellar band (DIB) features and using the calibration technique of Friedman et al. (2011) , a method which is independent of any assumptions about the properties of the nova. Using four DIB features (5780 Å, 5796 Å, 6195 Å, and 6613 Å, see Figure 2 ), we obtained a reddening of E(B − V) = 0.8 ± 0.19 (see Finzell et al. 2015 , for details of this technique; we were unable to use the Na I D lines at 5889.9 Å and 5895.9 Å due to saturation, or the K I line at 7698.9 Å, which fell into a chip gap in the CCD). This reddening value, in conjunction with the 3D reddening map of Green et al. (2015) , suggests a distance of 3.6 +1.0 −2.4 kpc. However, taking into account the uncertainties on the reddening of V5589 Sgr and in the reddening map, the Arbitrary Flux 6613.6 Å most likely distance modulus is 12.9 ± 1.4. This value corresponds to a distance of ∼ 3.8 kpc.
The peak optical brightness of V5589 Sgr is consistent with a distance of around 4 kpc. The distance and the extinction, A V , are strongly coupled. Taking the peak apparent V magnitude to be 8.8 , extinction given by A V = 3.1 × E(B − V), and therefore peak absolute magnitude of M V = 8.8 − A V − DM, we find M V as a function of distance modulus (see Figure 3) . Despite a limiting magnitude of M R ∼ −4.4, the faintest nova in the Cao et al. (2012) Palomar Transient factory list of M31 novae had an M V of −6.5, with the vast majority between M V = −7.0 and M V = −9.0. Therefore, even if we assume that V5589 Sgr was a relatively faint nova with M V = −7.0, we can eliminate the lowest part of the distance modulus range that is formally allowed by the 3D reddening map. Taking the distance constraints from both reddening and peak optical brightness into consideration, it is unlikely Figure 3 . Relationship between the distance modulus and the peak absolute visual magnitude (M V ) of V5589 Sgr, using reddening derived from DIB features shown in Figure 2 Green et al. 2015) . The horizontal dashed lines show the expected range of M V of between -9.0 and -7.0 mag, and the vertical lines show the corresponding distance moduli of between 12.5 and 14.5.
that V5589 Sgr is closer than 3.2 kpc (a distance modulus of 12.5), at which M V = −6.2. We therefore take the distance of the source to be approximately 4 kpc (or within the range 3.2 to 4.6 kpc). Table 3 , but may be too small to be visible. Upper limits are 2×RMS on non-detections. These data are also shown in Figure 6 .
Radio emission
A month after an early radio non-detection on day 2.4, V5589 Sgr brightened exceptionally quickly at low frequencies to a peak approximately 2 months after the start of the eruption (see Figure 4 ). Although we were not able to obtain low-frequency (L and C-band) observations between days 2.4 and 46.2, the flux rose as t 3.9±0.1 at 5.0 GHz and as t 3.3±0.1 at 6.8 GHz between days 46.4 and 62.3 (where t is the time from t 0 , again using MJD 56038.0 as t 0 ). The speed of the low-frequency radio brightening is noteworthy because the strength of thermal emission from a source with constant temperature is proportional to the size of the source on the sky; for a freely expanding source, the size cannot increase faster than t 2 . The VLA did not obtain observations at high frequencies during the rapid, low-frequency brightening. The flux densities reached global maxima in Ku-band (13.3/17.5 GHz) and Ka-band (27.5/36.6 GHz) on day 54.2. L-band (1.2/1.8 GHz), C-band (4.7/7.6 GHz), and Xband (8.5/11.2 GHz) experienced their peak flux densities on day 62.3. Observations with the SMA at 225 GHz revealed a flux density of 13.80±2.43 mJy on day 31.0 and an upper limit of 0.14 mJy on day 79.9. After these epochs, the flux densities fell monotonically at all frequencies (see Figure 4 and Table 3 ). The flux fell as t −3.2±0.2 at 1.2 GHz between days 62.3 and 140.0 and as t −3.0±0.5 at 36.5 GHz between days 54.2 and 136.2. After day 140.0, all observations resulted in non-detections.
Because the low-frequency emission strengthened so quickly, the radio spectrum flattened as the source brightened (see Figure 5 ). The radio spectrum initially rose towards high frequencies with a spectral index of α = 0.77 ± 0.25 between 5.0 and 6.8 GHz on day 46.2. On day 54.2, the spectrum had flattened to α = 0.55 ± 0.10 between 13.0 and 36.5 GHz. And by day 62.3, it had flattened further to α = 0.14 ± 0.04 between 2.5 and 11.4 GHz. Thereafter, it remained roughly flat or falling with frequency for all subsequent observations (see Figure 5) . A freely expanding isothermal remnant (as in the so-called Hubble-flow model) is expected to remain completely optically thick during the initial period of radio brightening, producing the characteristic steeply rising spectrum of a blackbody in the Rayleigh-Jeans limit (e.g., Seaquist & Palimaka 1977; Hjellming et al. 1979; Bode & Evans 2008) . Indeed, radio emission from novae during the early stages of expansion of the remnant often has a spectral index α > 1 (e.g., 1.5 at low frequencies for V705 Cas, 1.6 for V339 Del; Eyres et al. 2000; Chomiuk et al. 2013) . The spectral index of emission from such a freely expanding, thermal remnant then flattens -first at the highest and then at lower frequencies -to α = −0.1 as the ejecta become optically thin (Bode & Evans 2008) . The flattening of the radio spectrum from V5589 Sgr as the radio flux rose is thus one of the first hints that the radio emission was not all thermal.
Moreover, the VLA observations uncovered possible signs of linear polarization, as would be expected from non-thermal, synchrotron emission. While we did not observe a polarization calibrator during the peak of the flux density, there was a standard VLA polarization TPOL observation several days prior to our observation at similar, though not identical, frequencies in Ku-band. Using this dataset and our observation of 3C286, we were able to perform rough polarization calibrations for Ku and Ka-bands, albeit with large margins of uncertainty. On day 54.2, we found upper limits to polarization in Ka-band of <0.116 mJy (< 2.0 per cent) at 27.5 GHz, and <0.122 mJy (< 2.0 per cent) at 36.5 GHz. In Ku-band, we found a possible ∼0.2 mJy (5 per cent) of linearly polarized flux. While this detection is of a similar order to our uncertainty at Ku-band if we include our systematic error factor, it could hint at the presence of synchrotron emission.
To investigate the surprising radio spectral evolution and fast rise, we tested whether any of the radio emission could be described by a 'Hubble-flow' type ejection (see, e.g., Seaquist & Palimaka 1977; Hjellming et al. 1979; Weston et al. 2016 ) with velocity proportional to the distance from the source, r, between v min and v HWZI and a r −2 density profile. We take any Hubble-flow to have begun around t 0 . Although a linear extrapolation of the optical light curve backward in time suggests that the thermonuclear runaway could have occurred a day or two before our chosen t 0 , the VLA observations support a start of the fast, 4,000 km s −1 flow on or after t 0 ; if the fast flow started before t 0 and remained very optically thick at all radio frequencies for at least a few days, the flux density at 33 GHz would have been
, (1) where T is the temperature of the ejecta. The first VLA observation, however, produced a non-detection at 33 GHz, with a 3σ upper limit of 0.08 mJy on day 2.4 (MJD 56040.4), suggesting that the fast flow did not start before t 0 . Because the 4,000 km s −1 flow was clearly evident in optical spectra on day 2.0 (Buil 2012) and day 2.4 (Walter et al. 2012) , it must therefore have started between t 0 (day 0) and day 2.
Moving forward with the test of the Hubble-flow model, we fit the data at all frequencies simultaneously to minimize the χ 2 value, weighted by total measurement and systematic errors. To obtain our fit, we fixed the distance to 4 kpc, the maximum ejecta velocity to v HWZI = 4000 km s −1 , and the ejection time to t 0 = 56038.0 MJD, allowing the temperature T , the mass ejected M e j , and the ratio between minimum and maximum velocity, ζ, to vary. The best-fit parameters for these values were T = 1.2 × 10 4 K, M e j = 2.6 × 10 −5
M , and ζ≡ v min v HWZI = 0.84. The fit appears roughly consistent with the data during the decline portion of the radio light curve, after approximately day 100 (see Figure 6 , top panel). At the lowest frequencies, however, the data deviate strongly from the model (see Figure 6 , middle panel), with observed flux density an order of magnitude greater than the model around the radio peak. The χ 2 r of 387 indicates that the overall fit is unacceptable. We refer to the emission that dominated at low frequencies before day 100, and that deviated strongly from the Hubble-flow expectations, as the radio flare. Both the radio flare and the radio emission from the photoionized flow peaked around day 60.
A comparison among the brightness temperatures for the Hubble-flow model and for our observations reveals the character of the deviation from the Hubble-flow model. At radio frequencies, the brightness temperature of an expanding shell is:
where D is the distance to the source, c is the speed of light, k b is Boltzmann's constant, and v e j is the velocity of the ejecta (e.g., Bode & Evans 2008) . This approximation assumes a spherical geometry for the nova shell; however, it remains a useful measure even for non-spherical geometries (see discussion in section 4.2). Brightness temperature acts as a measure of surface brightness, giving a lower limit to the physical temperature of thermally emitting material. For freely expanding spherical ejecta with T = 1.2 × 10 4 K, T b would remain at the physical temperature of the ejecta while they were optical thick, and then drop as the ejecta became optically thin (as shown by the dashed lines in Figure 6 bottom panel). In contrast to expectations for freely expanding ejecta with a constant temperature, the brightness temperature rose dramatically to a peak above T b ≈ 10 5 K at low frequencies 60 to 80 days after the start of the eruption (see Figure 6 bottom panel). At high frequencies and after about day 100, the Hubble-flow model appears consistent the data.
X-ray emission
The X-ray spectra obtained through day 53 are reasonably well described by an absorbed thermal plasma model (tbabs*apec in Xspec), with a temperature that decreased over time. To determine parameters associated with the X-ray emission, we modelled each spectrum in Xspec v.12.8.2, obtaining only limits on parameters for many of the observations due to the small number of detected counts. We fixed the elemental abundances of the plasma to the solar values of Wilms et al. (2000) , which is likely an oversimplification, as most novae are observed to have highly non-solar abundances. The absorbing column constraints in all observations are consistent with absorption due to the interstellar medium onlywe find no evidence of the highly absorbed X-ray emission found in other novae at early times (e.g., V382 Vel; Mukai & Ishida 2001) . Based on the fits to the longer observations on days 19 and 49/50, we see clear evidence for a large drop in the plasma temperature, from >33 keV to 1.3 ± 0.1 keV.
Starting with the day 64.5 spectrum, we find a rise in counts at energies lower than 1.0 keV, consistent with the appearance of a supersoft source at that time. Fits to these spectra with a single absorbed-thermal plasma are poor, and also result in much larger values of N(H) than observed in earlier spectra. It is likely that this rise in soft flux is due to the emergence of the supersoft emission from the still-burning white dwarf photosphere. Adding a blackbody component to the model does improve the fit, but the low number of counts mean that the parameters are unconstrained in most of the observations. In the observation on day 68, sufficient counts were obtained to result in a constrained model fit, with best fitting blackbody temperature of 50 (+36,-18) eV. The normalization of the blackbody (0.0065 +0.06, -0.004) implies a luminosity in the range 3 x 10 35 to 10 37 erg s −1 , typical of emission-line dominated supersoft sources (Ness et al. 2013 ). Given our estimate of the ejecta mass from fits to the thermal component of the radio emission, and the velocity of the ejecta (from optical line profiles), it is reasonable that the ejecta became diffuse enough to reveal the supersoft X-ray emission from the surface of the WD at around day 60.
DISCUSSION AND INTERPRETATION
Evidence for non-thermal emission
The strongest radio emission from V5589 Sgr at low frequencies -which we term the radio flare -does not appear to have been produced by unshocked, isothermal ejecta. The properties of the radio-flare emission deviate strongly from the Hubbleflow model, which was proposed to reproduce the behaviour of unshocked ejecta (Seaquist & Palimaka 1977; Hjellming et al. 1979 ). In addition, the maximum T b for V5589 Sgr, which occurred during the radio flare, was higher than expected for a photoionized outflow (Cunningham et al. 2015) . For the high radio flux densities at low frequencies on days 62 and 81 (MJD 56100.3 and 56119.1) to have been thermal, the emitting material would have required an electron temperature well in excess of the brightness temperature T b ∼ 10 5 K (as measured at 2.5 GHz on day 62 and at 1.35 GHz on day 81). Ejecta with T ≈ 10 5 K could in principle have produced the emission if the ejecta were optically thick (such that the radio photosphere closely traced the outermost edge of the ejecta) at low frequencies. However, the very flat radio spectra -α = 0.14 ± 0.04 on day 62.3 and α = 0.16 ± 0.04 on day 81.1 -are inconsistent with optically thick thermal emission. Therefore, if the radio-flare emission was thermal, the emitting material most likely had a physical temperature significantly greater than 10 5 K. Unshocked ejecta, however, are typically observed to have T ∼ 10 4 K (Seaquist & Palimaka 1977; Hjellming et al. 1979; Nelson et al. 2014; Weston et al. 2016) . Moreover, Cunningham et al. (2015) argued on theoretical grounds that photoionziation heating of ejecta by the residual burning of nuclear fuel in a shell on the surface of the WD leads to temperatures of at most a few times 10 4 K, even for photoionization by hot, luminous high-mass WDs (T. Cunningham, private communication; see also Table 2 of Cunningham et al. 2015) . Given that the temperature of any thermally emitting material would have had to have been at least order of magnitude greater than expected for photoionized ejecta (for a distance of 4 kpc), we conclude that photoionized flows were insufficient to generate the radio flare.
The strength, spectrum, and rapid rise of the radio flare from V5589 Sgr instead imply that it was produced by shocks. Shocks can both heat ejecta to temperatures of around 10 6 K and accelerate particles that subsequently produce synchrotron emission, as in the γ-ray bright classical nova V959 Mon , the early radio flare from classical-nova V1723 Aql (Weston et al. 2016) , and as is well established in supernovae (e.g., Chevalier 1982; Weiler et al. 2002; Chandra et al. 2015) . In V5589 Sgr, the X-ray emission from plasma with T > 10 6 K that S wi f t/XRT detected between days 19 and 68 (see Table 2 ) confirms that colliding flows generated shocks in V5589 Sgr.
Comparing the radio and X-ray fluxes approximately two months after the start of the outburst, however, shows that shocks probably did not heat enough material to explain the radio flare as bremsstrahlung from hot gas. In particular, the emission measure of the X-ray emitting gas (EM x = n 2 e dV, where n e is the electron density and V is the emitting volume) was several orders of magnitude too small for the hot (T > 10 6 K) plasma to have produced the observed radio emission between day 60 and day 80, independent of distance. Although EM x on day 65 was quite uncertain due to the short duration of the S wi f t/XRT observation on that day, it had remained approximately constant between day 19
and day 53 at a few times 10 56 d 4 kpc 2 cm −3 . Given the continuous expansion of the remnant, and presumed subsequent gradual decrease in density of shocked material, EM x is unlikely to have suddenly increased between day 53 and 65. In contrast, an X-ray emission measure on the order of 10 60 d 4 kpc 2 cm −3 would have been needed to explain the radio brightness (assuming that the hot gas was situated in a thin enough shell to justify having an approximately constant density profile). The amount of T > 10 6 K gas was therefore too small to explain the radio flare by more than three orders of magnitude. This finding is independent of the distance to V5589 Sgr. Moreover, although the peak radio brightness temperature could in principle have been generated by 10 −5 M of warm (10 5 K) gas, the SMARTS optical spectra do not provide any evidence for such a large quantity of warm gas. In addition, that EM x stayed roughly constant (even while the density was almost certainly dropping) shows that large quantities of shock-heated gas were not being cooled out of the X-ray regime to T ∼ 10 5 K. It is therefore difficult to reconcile the radio flare with bremsstrahlung from shock-heated hot plasma. With not enough warm (T ∼ 10 5 K) or hot (T ∼ 10 6 K) gas to produce the observed peak radio flux, we propose that non-thermal, synchrotron emission from particles accelerated in shocks dominated the radio flare. One concern about this proposal is that the radio emission near the peak of the radio flare did not have the spectral index of α = −0.7 typically associated with synchrotron emission (Chevalier 1982; Weiler et al. 2002) . Weston et al. (2016) encountered this same issue when interpreting the early-time flare from the V1723 Aql. They argued that the radio spectrum near the peak of the flare in that source could have been affected by free-free absorption. Given that we expect plenty of T ∼ 10 4 K gas to be present in the ejecta, and that we expect shocks themselves to photoionize upstream material (Metzger et al. 2014) , it is plausible that free-free absorption could also be affecting the radio spectrum near the peak of the flare in V5589 Sgr. Because the hot, X-ray emitting gas was insufficient to produce the radio flare and free-free absorption is plausible, we consider synchrotron emission to be the most likely explanation for the radio flare despite the slightly rising radio spectrum.
The rapid radio brightening, or flare, between days 46.2 and 62.3 also provides evidence for shocks as the origin of the strongest low-frequency radio emission from V5589 Sgr. At both 5.0 and 6.8 GHz, the radio flux densities increased much faster than possible for a freely expanding, T ∼ 10 4 K (i.e., photoionized) remnant ejected at the start of the eruption. Whereas a freely expanding, constant-temperature flow can produce radio flux densities that increase as fast as t 2 (for an optically thick spherical outflow), the 5.0-GHz flux density rose as t 3.9 , even while the radio spectra showed that the emitting material were not optically thick. For the radio flare to have been due to freely expanding ejecta with T ∼ 10 4 K, the emitting material would have had to have been ejected not at the start of the eruption, but more than 26 days after t 0 . Neither the optical spectra (Walter et al. 2012 ) nor the optical light curve (Mróz et al. 2015) , however, show evidence for a strong new outflow a month into the eruption. Furthermore, the contrast between the fairly constant X-ray emission measure, EM x , and the rapidly rising radio flux between 46.2 and 62.3 days after the start of the eruption further supports our contention that the radio flare was not thermal emission from shock-heated gas. Like our analysis of the emission measure, this result is also independent of distance.
The appearance of a new source of radio emission on the order of months after the start of the eruption was more consistent with the synchrotron knots tracing shocks in V959 Mon, at least one of which was still brightening months after the detection of γ-rays ). In the speed of its radio brightening, the radio flare from V5589 Sgr was very similar to the shock-powered early flare in V1723 Aql (Weston et al. 2016 ).
Connection to γ-ray producing novae
The similar viewing angles of V5589 Sgr and the γ-ray bright novae V959 Mon enable us to speculate about the velocity and structure of the colliding flows from V5589 Sgr. Because light curves of both V959 Mon and V5589 Sgr show eclipses Mróz et al. 2015) , both binaries have inclinations that are close to 90
• , so that the orbital planes are observed nearly edge on. In V959 Mon, this viewing angle led to a horn-shaped component in optical emission line profiles (e.g., see Fig. 4 of Ribeiro et al. 2013 ) -from what radio and HST observations revealed to be a slow, dense inner flow Sokoloski et al. in preparation) . This slow flow in V959 Mon consisted of a spherical shell-like structure with a strong equatorial density enhancement Sokoloski et al. in preparation) . Because the optical emission lines in SMARTS spectra of V5589 Sgr contain a similar horn-shaped component, with peaks near Doppler shifts of approximately ±1, 800 km s −1 (e.g., in Hα on MJD 56048.4, 56101.0, and 56103.0, and in OIII on MJD 56057.1; Walter et al. 2012, see Figure 1 ), we hypothesize that the remnant around V5589 Sgr also included an inner shell-like structure expanding at a speed of around 1, 800 km s −1 , with a strong equatorial density enhancement 3 . In V959 Mon, the slow equatorial torus collimated a faster flow into a bi-conical shape Shore et al. 2013; Figure 6 . Radio flux densities and brightness temperatures for V5589 Sgr through day 300. Top: Flux density at high frequencies . Middle: Flux density at low frequencies . Low: Brightness temperature at all frequencies. Although the radio emission after day 100 is roughly consistent with expectations from a freely expanding 10 4 K remnant, the high brightness temperatures and poor model fits at low frequencies before this time show that an additional source of radio emission was present before day 100. We argue in the text that this radio flare was due to synchrotron emission from particles accelerated in shocks. The model fits (dashed lines) are for a Hubble Flow model with D = 4 kpc, v HWZI = 4000 km s −1 , T= 1.2 × 10 4 K, M e j = 2.6 × 10 −5 M , ζ≡ v min v HWZI = 0.84, and ejection at t 0 = 56038.0 MJD. All observations after day 140.0 were non-detections.
c 0000 RAS, MNRAS 000, 000-000 preparation), which produced 'shoulders' in the optical line profiles that were similar to the shoulders out to radial velocities of ±4, 000 km s −1 in V5589 Sgr. In V959 Mon, projection effects caused the shoulders in the optical emission lines to have velocity widths that were less than the the maximum speed of the bi-conical fast flow. For V5589 Sgr, the high temperature of the X-ray emitting plasma on day 19 (T > 3×10 8 K) reveals that the difference between the speeds of the fast and slow flows was at least initially greater than 3,800 km s times the difference between the speeds of the fast and slow flows). The fast flow thus probably had a maximum velocity of more than 5,000 km s −1 . In fact, faint extended Hα wings in the early spectra from SMARTS, as well as spectroscopy in the first few days of eruption from the Crimean Laboratory, Moscow State University (Esipov et al. 2012 ) support the existence of flows with speeds in excess of 4,000 km s −1 . That the core of the optical emission lines only extended out to 4,000 km s −1 is thus consistent with a bi-conical outflow, as in V959 Mon. The optical, radio, and X-ray observations are therefore consistent with V5589 Sgr having a similar ring+bipolar structure as V959 Mon.
Our previous arguments regarding the origin of the radio flare remain valid under this slightly refined picture of the structure of the V5589 Sgr remnant. For example, in our calculation of the brightness temperature in equation 2, the maximum outflow velocity of the ejecta was probably actually greater than 4, 000 km s −1 . However, the area of the bi-conical remnant on the sky is smaller than in the case of the spherical remnant (as long as the halfopening angles for the cones are wider than 45
• ), making the value of T b even higher than in the spherical case. Thus, the radio flare is still more consistent with being shock powered than being bremsstrahlung from unshocked, photoionized ejecta.
A torus of relatively slow-moving material in the equatorial plane may originate in one of several ways. As suggested by for V959 Mon, the development of a dense toroidal outflow is consistent with hydrodynamic simulations of how the binary companion might influence the behaviour of nova ejecta (Livio et al. 1990; Lloyd et al. 1997; . Therefore, interactions between the companion and the common envelope may lead to a more dense concentration of material in the orbital plane of the binary. Alternatively, there may be a preexisting circumbinary material stemming from ejections of material from the accretion disk (e.g., Sytov et al. 2007) . Rings also may form in the nebulae of post-main sequence rotating stars from Eddington-luminosity driven outflow, due to the interaction of stellar winds (e.g., Chita et al. 2008) . Although the mass in the accretion disk could be significant for very wide binaries with red-giant donors, it is not likely to be high enough in V5589 Sgr to generate an equatorial torus with mass comparable to that of the rest of the ejecta. No matter what their origin, equatorial density enhancements in the remnants of novae provide important constraints on either the mass transfer before the eruption or the ejection mechanism for the nova.
The radio emission from V5589 Sgr was probably dominated by a shock-powered flare rather than the more usual case of bremsstrahlung from the T ∼ 10 4 K photoionized remnant because of the high speed and relatively low mass of the ejecta. The 2010 eruption of V1723 Aql first produced a shock-powered radio flare and then a period of strong thermal radio emission from a T ∼ 10 4 K expanding remnant with a mass of 2 × 10 −4 M and maximum velocity of 1500 km s −1 ; both the flare and the later peak in the radio light curve reached approximately the same brightness level (Weston et al. 2016) . But the expected peak radio brightness from photoionized ejecta is a strong function of the ejecta mass and the speed of the outflow (Bode & Evans 2008) , both in the sense that would diminish the expected radio emission from photoionized ejecta in V5589 Sgr. If the strength of shock-powered synchrotron emission is less sensitive to these parameters, or enhanced in a high-speed shock, then the shock-powered flare could become the dominant element of the radio light curve. Interestingly, despite the importance of shocks and possibly even relativistic particles in generating its radio emission, V5589 Sgr was less bright in γ-rays than several other classical novae at similar distances. Since the Fermi/LAT sensitivity for the location of V5589 Sgr (l = 5.0, b = +3.1) is comparable to that for V1324 Sco (l=357.4, b=-2.9), the daily GeV flux of V5589 Sgr almost certainly stayed below 5 × 10 −7 photons cm −2 s −1 , which is below the level seen in V1324 Sco and V959 Mon (Ackermann et al. 2014) . It remains to be seen how the upper limit on the γ-ray flux from V5589 Sgr compares with the detections of the four later Fermi-detected novae, all of which were observed in pointed mode with fluxes as faint as 2-3×10 −7 photons cm −2 s −1 . When the distances of 1.4 ± 0.04 kpc for V959 Mon (Linford et al. 2015) , > 6.5 kpc for V1324 Sco , and 4.5 ± 0.6 kpc for V339 Del (Schaefer et al. 2014 ) are taken into account, V5589 Sgr appears to have been less luminous in the γ-rays than at least V1324 Sco and V339 Del. Since V339 Del is thought to have a low inclination and therefore to be viewed pole on (Schaefer et al. 2014) , viewing angle could play a role in setting the γ-ray luminosity. Alternatively, whereas Metzger et al. (2015) argued that most relativistic protons in V1324 Sco and V339 Del were trapped and collided with proton targets to produce γ-rays, the low X-ray absorbing column for V5589 Sgr suggests that the ejecta mass might have been too low and/or the expansion speeds too high for this to have been the case for V5589 Sgr.
The presence of high energy shocks and γ-rays from novae is still an active area of research with many complexities and open questions. Shocks themselves may be apparently absent in systems where expected to appear, such as in the symbiotic Nova Sco 2014 (Joshi et al. 2015) . The speed of the shocks and the angle at which the shocks are viewed may play a large part in determining whether γ-rays are detected in nearby novae (Metzger et al. 2015; Dmitrievich Vlasov et al. 2016) . If this were the case, it could explain systems such as the clearly shock-powered yet γ-ray faint V5589 Sgr.
Strengthening the connection between V5589 Sgr and classical novae that have been detected in the γ-rays, V5589 Sgr is not the only nova to show a notable excess of radio flux at lower frequencies. The 1.75 GHz flux density from Fermi-detected nova V959 Mon peaked around 170 days after the start of that eruption, counter to expectations based on models of expanding thermal ejecta. This excess is pictured in Chomiuk et al. 2014 (Extended Data Figure 4) ; while none of the light curves at frequencies spanning 7.4-225 GHz are very well fit by a simple Hubble flow model, by far the most divergent is the lowest frequency light curve, which shows a peak flux density of 11.2 mJy at 1.75 GHz, when a peak of just ∼4.5 mJy is predicted by the Hubble flow model. As in the case of V5589 Sgr, this lower-frequency radio peak in V959 Mon occurred around the same time as the maxima at higher frequencies (∼30 GHz). High-resolution VLBI images of V959 Mon confirm the presence of synchrotron-emitting shocks in that nova. So it is likely that the radio spectral evolution of both V959 Mon and V5589 Sgr can be explained by the same type of model.
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CONCLUSIONS
Despite not being detected in the γ-rays, V5589 Sgr adds to the growing body of evidence that shocks play an important role in normal novae, and that these shocks can accelerate particles to relativistic speeds. In particular,
• The low-frequency radio emission from V5589 Sgr during its 2012 eruption was dominated by a flare that appears to have been too strong to have been due to bremsstrahlung from photoionized ejecta. The speed with which the radio flare appeared and its radio spectral evolution, are inconsistent with expectations for freely expanding, photoionized ejecta. We conclude that the radio flare from V5589 Sgr was powered by shocks.
• Hard (kT > 1 keV) X-ray emission confirms that shocks were present, but that they did not heat enough plasma for the radio flare two months after the start of the eruption to have been due to thermal bremsstrahlung from hot, T > 10 6 K shock-heated gas.
• Synchrotron emission from relativistic particles accelerated in shocks is the most natural alternative mechanism for the radio flare.
• V5589 Sgr is one of the best examples of shock-powered radio emission from a nova without a red-giant donor. Another clear example is V1723 Aql. We expect that other novae with ejecta that have high speeds and fairly low masses could also produce strong, shock-powered radio emission.
• Using the similar edge-on inclinations of V5589 Sgr and V959 Mon to aid in the interpretation of optical emission-line profiles, and the temperature of the shock-heated X-ray emitting plasma to infer flow speeds in the shock, we hypothesize that in V5589 Sgr a fast flow with a maximum speed of more than 5000 km s −1 collided with, and was loosely collimated by, a slower flow that was concentrated in the equatorial plane.
• The lack of detectable γ-ray emission from V5589 Sgr, despite direct evidence for strong shocks and indirect evidence for relativistic particles, hints at the possibility that low ejecta densities due to high outflow speeds could have played a role in V5589 Sgr's low γ-ray luminosity.
